Abstract-This paper presents the specifications and the measurement results of conducted immunity requirements tests applied to coupling circuits designed, by authors, for the narrowband Power Line Communication channel measurement. Obtained results showed that the proposed design provides a high safety level to users and measurement devices, and is in compliance with CENELEC immunity requirements in terms of surge tests in both common and differential modes and fast transients tests specifications.
INTRODUCTION
During the last decade, Power Line Communication (PLC) has experienced an interesting research/development activity and a considerable standardization effort. The possibility of ensuring data transmission over the widespread electric power supply network makes the PLC technology a very attractive solution for deploying fast and reliable communication services [1] . However, the power line channel is a hostile environment for data transmission since the electric infrastructure has been first dedicated for power delivery. Besides the important signal attenuation, the PLC channel suffers from the presence of several types of disturbances such as the background noise and the impulsive noise [2] . The use of sophisticated communication techniques allow to overcome most of the criticalities providing high data transmission rates.
Broadband PLC systems, which operate in the 2-30 MHz frequency band, have been widely studied and they provide up to 200 Mbps for home area network and high-speed internet access [3, 4] . In the last few years, narrowband PLC systems, operating either in the CENELEC bands (3-148.5 kHz) or in the FCC/ARIB bands (up to ~500 kHz), have attracted the industry and the market interest. These low frequency PLC systems can deliver up to 500 kbps based on multicarrier solutions for Smart Grid applications such as advanced metering infrastructure (AMI), demand response and in-home environment [1] .
The understanding of the complete characteristics of the narrowband PLC channel is then of paramount importance to develop reliable PLC systems and improve transmission chains performance. The set-up of a suitable model for the PLC channel in low frequencies represents also an essential issue. An important research activity has been focused on characterization and modelling of the broadband power line channel [5, 6, 7, 8, 9] , but very few studies were interested in narrowband propagations [10, 11] .
To identify the PLC channel characteristics, experimental measurements must be done on the power line. The use of a coupling interface between the measuring equipment and the mains is indispensable for protecting people and instruments from the harmful and damaging 50 Hz/220 V current. An appropriate design for narrowband PLC coupling circuits is presented in [12] . It is based on band pass filtering and impedance adaptation functions, and ensures protection against disturbances. Testing the immunity of this coupling interface is essential to verify its electromagnetic compatibility (EMC) and its compliance with immunity requirements.
In this paper, authors present the specifications and the results of immunity tests applied to the designed coupling interface circuit in order to use it for characterizing the narrowband PLC channel. Section II describes the experimental setups used for making measurements on the power line and presents the design of the appropriate coupling circuits. Section III outlines the specifications of immunity requirements tests, especially for surge tests and fast transient bursts tests. In section IV, the tests results are presented and commented.
II. PLC CHANNEL MEASUREMENT ENVIRONMENT

A. Experimental Measurement Setup
Channel transfer function and power line impedance measurements were undertaken, in the frequency band from 10 to 148.5 kHz, using the setup of Fig. 1(a) . The vector network analyser (HP8753E) is able to measure the S-parameters of the channel by emitting a signal at an electrical outlet and receiving it at another one. The complex transfer function of the PLC channel is given through the transmission coefficient S 21 , and the impedance of the power line can be obtained from the reflection coefficient S 11 or S 22 . Two similar coupling circuits are used to connect the network analyser to the power line, and the measurement setup is calibrated by a direct connection between these two coupling interfaces. Fig. 1(b) shows the experimental setup used for measuring the noise present on the PLC channel, especially the background and impulsive noise. The background noise is measured using a spectrum analyser which is connected into an outlet through the coupling circuit, while the impulsive noise is measured in the same manner using a digital oscilloscope. 
B. Coupling Circuit Design
In order to make measurements on the power line, appropriate coupling circuits have been designed then realized and used [12] . The coupling interface performs several functions and is basically a second-order band pass filter which allows transmitting PLC signals into the bandwidth from 9 to 500 kHz while simultaneously blocking the 50/60 Hz mains current. In addition to its filtering function, the coupling circuit guarantees impedance matching with the measurement device (50 Ω) and provides people protection against electrical hazards when making measurements. Also, it provides equipment protection against many risks of damage, mainly due to the direct connection to the mains.
As shown in Fig. 2 , the coupling circuit in the receiver side is composed of a high voltage series capacitor (X 2 type), a transformer which provides galvanic isolation between the power line and the instrument, a series inductor and a parallel capacitor. We have used a high voltage series capacitor of 0.33 μF, a series inductance of 10 μH, a parallel capacitor of 10 nF and a 1:1 transformer whose primary inductance is of 2 mH and leakage inductance is of 2 μH [12] .
In addition, it is recommended to add some specific protection devices on the mains coupling path, to prevent high energy disturbances coming from the mains from damaging the internal circuitry of the measurement instrument. Protection components have been well selected to be added to the coupling interface. We have used a bidirectional TVS (Transient Voltage Suppressor) which is a very fast-acting clamping device that turns on in the case of an overvoltage condition. Low-drop Schottky clamp diodes are also used and they are able to quickly absorb fast transient disturbances exceeding the supply rails and provide additional protection by limiting the output voltage level.
We have also used a Metal Oxide Varistor (MOV), rated at 220 V power line operation, across the power line terminals. It further enhances surge protection by limiting overvoltage spikes which could damage the high voltage series capacitor.
Furthermore, a resistance of 1 MΩ can ensure fast capacitor discharge and provides protection from high voltage transients (up to 10 kV) caused by power surges and connecting/disconnecting operations. The transmitter coupling circuit, with protective circuitry, is obviously symmetric to the receiver one as shown in Fig. 3 . Before effectively realizing the proposed coupling circuit, its model has been tested, using PSpice tool, with presence of transient overstress during power-up and surges on the power line. PSpice simulation results showed the conformity of the design to immunity test specifications. In following sections, authors will present the description and the results of experimental measurements to verify the conformity to immunity requirements.
III. IMMUNITY REQUIREMENTS TESTS SPECIFICATIONS
To verify the immunity of the coupling interface circuit to environmental electrical phenomena, a series of tests must be applied.
The immunity requirements for mains communications equipment and systems operating in the range of frequencies from 3 to 148.5 kHz are specified by the European committee for electrotechnical standardization (CENELEC). In particular, the EN50065-2-3 part [13] , which includes the basic standards EN61000-4-4 [14] (electric fast transients) and EN61000-4-5 [15] (surges), defines the test methods and immunity limits ensuring the electromagnetic compatibility on the grid.
A. Surges Tests Specifications
Surge tests are specified as both common and differential modes at level +/-4 kV, with pulse shape 1.2/50 μs (T 1 /T 2 ) [13] . The surge waveform, which is defined in EN61000-4-5, is shown in Fig. 4 .
The front time T 1 of a surge voltage is defined as 1.67 times the interval T between the instants when the impulse is 30 % and 90 % of the peak value. The time to half-value T 2 represents the time interval between the virtual origin O 1 and the instant when the voltage has decreased to half of the peak value [15] . 
B. Fast Transients Tests Specifications
Fast transient burst tests are specified at level +/-2 kV, with pulse shape 5/50 ns and repetition frequency 5 kHz [13] . The general graph of a fast transient burst is illustrated in Fig.  5 with a burst duration of 15 ms at 5 kHz and a burst period of 300 ms. According to EN61000-4-4, the waveform of a single pulse into a 50 Ω load is given in Fig. 6 . The rise time, specified as 5 ns, represents the time interval between the instantaneous value of a pulse first reaches 10 % value and then the 90 % value. The time interval, for which the pulse is above 50 % of the peak value, is specified as 50 ns [14] .
IV. IMMUNITY TESTS FOR THE DESIGNED COUPLING CIRCUIT
A. Immunity Tests Setup
The setup used for testing the coupling interface immunity is schematically shown in Fig. 7 and its experimental configuration is depicted in Fig. 8 . The conducted EMC test system (Schaffner System 2050) is able to generate surges and fast transient bursts conforming to immunity requirements tests specifications. It includes the PNW 2055 basic surge generator and the PNW 2225 fast transient pulse generator providing complete compliance with EN61000-4-5 and EN61000-4-4 standards, respectively.
The generated signals are applied at the input of the coupling circuit, and the output signal is displayed by a digital oscilloscope. A personal computer (PC) allows the acquisition of the tests results. For the fast transient immunity tests, it is recommended to use a 50 Ω load for calibrating the generated waveform. 
B. Surge Tests Results
We have exposed the designed coupling circuit to surges tests on common mode and differential mode. Fig. 9 shows the results of these tests by applying a surge of amplitude 4 kV and positive/negative polarity on common mode. The output signal of the tested coupling circuit does not exceed 2 V. It is then clear that surges are reduced to a safe level before entering the measurement instrument, thanks to the coupling interface.
C. Fast Transient Bursts Tests Results
The coupling circuit is also tested by applying fast transient bursts tests. The results of these tests are illustrated in Fig. 10 where a fast transient burst at level +/-2 kV is applied to the coupling interface. The maximum signal at the coupling circuit output is of 2 V which guarantees the security of measurement devices. In this paper, authors have presented the specifications and the results of immunity tests performed to the designed coupling circuits used in the narrowband PLC channel measurements. The coupling interface design is based on an appropriate selection of protective circuitry taking into account the various types of disturbances present on the power line. Surge tests and fast transient bursts tests were applied conforming to the EN61000-4-4 and EN61000-4-5 basic standards. Obtained results prove that the coupling interface ensures people and measurement instruments protection and complies with the CENELEC immunity requirements. Using these coupling circuits, experimental measurements on the LV indoor PLC channel, especially transfer function, impedance and noise measurements, were undertaken in low frequencies. 
